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ABSTRACT 

We present GALEX UV observations of a sample of Low Surface Brightness (LSB) galaxies 
for which HI data are available, allowing us to estimate their star formation efficiency. We find 
that the UV light extends to larger radii than the optical light (some galaxies, but not all, look 
similar to the recently discovered XUV-disk galaxies). Using a standard calibration to convert 
the UV light into star formation rates, we obtain lower star formation efficiencies in LSB galaxies 
than in high surface brightness galaxies by about one order of magnitude. We show however that 
standard calibrations may not apply to these galaxies, as the FUV-NUV color obtained from the 
two GALEX bands (FUV and NUV; A c ff = 1516 and 2267 A, respectively) is redder than expected 
for star forming galaxies. This color can be interpreted as a result of internal extinction, modified 
Initial Mass Function or by star formation histories characterized by bursts followed by quiescent 
phases. Our analysis favors this latter hypothesis. 

Subject headings: ultraviolet: galaxies, galaxies: spiral, galaxies: irregular, galaxies: dwarf 



1. Introduction 

In the very last years, outskirts of galaxies and 
low density regions have been the subject of a 
renewed interest, especially after the discovery 
of extended ultraviolet ( XUV) disks in nearb 



Thilk er et al.l2005l). The w o rks bylZaritskv fc Christlein 



(|20071 ) and iThilker et alj (|2007t ) suggests that 



galaxies with GALEX (|Gil de Paz et all 1200 
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about 30 % of disk galaxies do pre s ent so me level 
of XUV emission. iBoissier et al.l ( 2007 ) shown 
that the UV reveal stellar formation in the out- 
skirts of normal galaxy disks, including regions 
beyond the usual "threshold" for star forma- 
tion derived from Ha azimutha lly-averaged pro- 
files (jMartin fc KennicuttlkoOll ). The ultraviolet 
GALEX observations also allowed to estimate the 
amount of star formation in low dens ity regions in 
the case of interactions. For instance. iBoselli et al 



(|2005l ) discovered in NGC4438 a tidal tail detected 
only in UV, and estimated the age and the ampli- 
tude of the burst induced b y the interaction. Sim- 
ilarly |Bo^ie^£t^n (|2007l ) studied star formation 
in the intergalactic medium around NGC 5291, 
expelled from parent galaxies after a collision. 
As noted by IThilker et alj 



( 20071 ). a link be- 
tween the XUV phenomenom, star formation in 
low density regions and Low Surface Brightness 
(LSB) galaxies is very likely. According to a hand 
waving definition, a disk galaxy should be consid- 
ered as a LSB galaxy if its disk central face-on sur- 
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face brightness in the B band is well below the typ- 
ical Freeman value of 21.65 mag arcsec -2 (see e.g. 



Bothun et alJ 119971 ). LSB galaxies include quite 
different populations ranging from dwarf galax- 
ies (faint and relatively compact objects) to disk 
galaxies, and even "giant" disk galaxies with scale- 
lengths larger than 5 kpc and masses comparabl e 
to the more massive spirals ( O'Neil et al.l Il998h . 



Various samples of "LSB galaxies" do not always 
trace the same population, and one should take 
this fact into account. In this paper, we will dis- 
tinguish "massive" and "low-mass" LSB galaxies 
according to the HI total mass since we have this 
quantity for every object in our sample. 

LSB have in genera l faint surface bright nesses, 



1995) large 



blue colors (see e.g. Ide Blok et al,. 
amounts of neutral ga s (|Q'Neil et all 1998 ). low 
metaUicity (iMcGauehl ll99j|). Similarly, XUV 
region s have low metallicities (IGil de Paz et al 



l2007al) and are found in galaxies that are system- 
atically mor e gas-rich than the g eneral field galaxy 



population (jThilker et al.ll2007f ). Star formation 



in XUV disks and LSB galaxies is thus likely to 
share some characteristics. 

Several models to explain the existence and 
prope rties of LSB 



2000; Gerritsen fc de Blok 



Jimenez et al. 1998; 



have 


been proposed 


van 


den Hoek et al. 


i99g| 


Boissier et al. 



2003) . All of them rely on the inclusion of a recipe 
for star formation, often characterized by a lower 
efficiency with respect to High Surface Brightness 
(HSB) galaxies, either related to structural pa- 
rameters (larger size and lower densities) or to 
metallicity. Characterizing the star formation in 
LSB galaxies is thus an important step that will 
bring constraints on their modeling. Star forma- 
tion rates in LSB gala xies were derived from their 
optical properties (e .g. McGaugh fc Bothunl 1994 



van den Hoek et al. 2000l ), and a few attempts 



to me a sure them are found in Burkholdcr et al.. 
(|200ll ): lvan Zee et al.1 (fl997h : lO'Neil et all (|2007l ). 



None of these studies are based on UV data while 
GALEX has shown the interest of the ultraviolet 
domain to reveal star formation in low density 
regions. 

On the basis of these considerations, we ob- 
served with GALEX a sample of LSB galaxies for 
which HI data are available. 

This paper presents the results of a first anal- 
ysis of these observations (described in section 2), 



including the study of the spatial distribution of 
the UV light (section 3) and the determination of 
star formation rates and efficiencies in LSBs (sec- 
tion 4). In section 5, we discuss the color of our 
LSB galaxies, followed (section 6) by the conse- 
quences on the validity and interpretation of the 
star formation rates that we derived and on the 
star formation history of such galaxies. This dis- 
cussion may apply to other cases than LSB galax- 
ies, like for instance XUV-disk galaxies, consider- 
ing the similarities they share. 

2. Description of our sample and data 
2.1. LSB sample 

In order to study the transformation of gas to 
stars in LSB galaxies, we compiled a list of such 



van der Hulst et al.l ] 


L9931 de Blok et al. 


Matthews et al. 2001; 


Chung et all 20021). 



19961 



We ob- 
tained GALEX Guest Investigator imaging (pro- 
posal 67, cyclel) in order to determine the UV 
emission of 10 of these o bjects, being "massive " 
or giant LSB galaxies (e.g. iMatthews et al.ll20oi( ). 
We present in this paper the observations actually 
performed with GALEX to date for this proposal. 
We also include in our analysis other LSB galaxies 
with HI measurements that were also observed by 
GALEX in the framework of various surveys, and 
for which the UV data are publicly available. Al- 
though the sample is not complete in any sense, it 
includes 18 galaxies ranging from "Dwarf" to "Gi- 
ant" LSB galaxies (-12.12 > M B > -22.90 and 
7.11 < log{M{HI)) < 10.66). Table Q] gives the 
position and basic information for our galaxies, 
taken from the NED database and the literature. 
The positions and position angles of a few galaxies 
were changed to match our GALEX imaging data. 
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Table 1 

Basic properties of the sample 



Name 


RA 


DEC 


(2a) 


(2b) 


PA 


Distance 


log(M(HI)) 


M B 




(deg) 


(deg) 


(arcmin) 


(arcmin) 


(deg) 


(Mpc) 


Mq 


(mag) 


UGC00568 


13.787 


-1.046 


1.3 


0.9 





190.0 


10.25 


-21.53 


UGC01230 


26.385 


25.521 


2.1 


1.8 


-68 


49.2 


9.76 




UGC02936 


60.701 


1.966 


2.5 


0.7 


30 


51.2 


9.85 


-19.58 


OBC97-C04-2 


125.872 


21.613 


0.4 


0.2 


70 


75.2 


8.18 


-16.69 


F564-V3 


135.724 


20.076 


0.7 


0.5 


156 


10.4 


7.11 


-12.12 


UGC05209 


146.268 


32.238 


0.9 


0.9 





11.0 


7.30 




F568-1 


156.526 


22.433 


0.2 


0.2 


13 


95.5 


9.35 


-17.49 


F568-3 


156.834 


22.239 


0.3 


0.3 


169 


86.8 


9.20 


-17.69 


UGC05750 


158.938 


20.990 


1.1 


0.6 


167 


62.3 


9.00 




PGC135754 


159.365 


2.089 


0.6 


0.4 


40 


322.0 


10.06 


-20.99 


F568-6 


159.969 


20.847 


1.5 


0.9 


90 


201.0 


10.52 


-21.79 


F571-V1 


171.579 


18.836 


0.9 


0.7 


35 


84.3 


8.82 


-16.42 


Malinl 


189.247 


14.330 


0.3 


0.3 





366.0 


10.66 


-22.90 


PGC45080 


195.817 


1.469 


0.9 


0.2 


84 


178.0 


9.99 


-18.65 


F530-1 


316.887 


26.450 


0.5 


0.3 


52 


199.0 


10.27 


-20.11 


F533-3 


334.305 


25.213 


0.9 


0.6 


165 


174.0 


10.24 


-20.44 


NGC7589 


349.565 


0.261 


1.1 


0.7 


-60 


120.0 


10.01 


-21.90 


PGC71626 


352.635 


-2.463 


1.9 


1.3 


65 


136.0 


10.23 


-21.08 



Note. — These properties were taken from the NED database (major and minor diameters 2a and 2b, 
distances) and the literature (see text). 
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Table 2 

uv properties of our lsb galaxies 



Name - FUV - - NUV 
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Note. — UV photometry: last radius measured, aperture magnitude withi n the last radius, asym ptotic 
magnitude and exposure time for the FUV and NUV bands of G ALEX (see iGil de Paz et al.l l2007bi for 
details on these values and how they are obtained) 



2.2. UV observations and photometry 

We have NUV imaging data for all galaxies. 
FUV data is available for all but three objects. 
Five LSB galaxies were observed in the framework 
of the shallow GALEX All sky Imaging Survey (~ 
100 seconds of exposure time). We have deeper 
images for the other galaxies, with exposure times 
ranging between ~ 1500 and 9000 seconds depend- 
ing on the survey/program (Nearby Galaxy Sur- 
vey, Guest Investigator program). The exposure 
time for each observation is given in Table El The 
GALEX images can be seen in the Fig. [9] of the 
Appendix. 

GALEX photometry was performed using the 
same code as for the GALEX Ultraviolet Atlas 



of Nearby Galaxies (|Gil de Paz et al.ll2007b( l. and 
our results are given in Table El For each of the 
two GALEX bands, we provide the magnitude 
measured within the last isophote that could be 
measured in FUV0 (Aperture Magnitude' in Ta- 
ble [2]), and an asymptotic magnitude, obtained by 
ext rapolation of the curve of growth (see details 
in iGil de Paz et al. 2007b ). In a few cases, the 
uncertainties were too large to actually perform 
this extrapolation (FUV magnitude of UGC00568 
and F564-V3 and the NUV magnitude of OBC97- 
C04-2) and we are giving instead the magnitude 
measured in the largest possible radius. Due to the 
faint nature of our objects, the asymptotic magni- 
tudes suffer relatively large errors. Unless stated 
otherwise, we thus use the aperture magnitudes. 

2.3. Ancillary data 

Thirteen of our eighteen galaxies have been 
covered by the Sloan Digital Sky Survey (SDSS, 
DR5). For these, we downloaded from the SDSS 
skyserveJl the images in the five SDSS bands, and 
performed the same surface photometry as on the 
GALEX images. In Fig. [51 we show the g band im- 
age (g and r images are reasonably deep, but our 
objects are faint in other bands). We computed 
the integrated magnitude within the last radius 
for which the FUV flux was measured, or NUV 
for galaxies without FUV data ("Last Radius" in 
Table [2]). The SDSS images are rather shallow, 



especially for LSB galaxies. As a result, our in- 
tegrated magnitudes have quite large error-bars. 
On the other hand, we computed them in a simi- 
lar way as the GALEX ones, and within the same 
apertures. 

We also included in Fig. [9] a few other magni- 
tudes at various wavelengths: first, the 2MASS 
J,H, and K total magnitudes, as given in the 
NED database for 10 galaxies. Our study over- 
laps with a few works on LSB galaxies, from 
which we also took to tal magnitudes, as published 



de Blok et all (| 1995( 1 for F564-V3, F568-1, F568- 
3, F571-V1, UGC 01230, U GC 05209, UGC 05750; 
McGaueh fc Bothunl dl994h f or UGC 01230, F568- 
6; and iHunter fc Elmegreenl (|2006l ) for F564-V3, 
UGC05209. While we performed the SDSS pho- 
tometry following the same procedures as for the 
UV, these other studies are independent, and some 
differences might exist in e.g. the position, Posi- 
tion Angle, aperture. Nevertheless they give an 
idea of the overall shape of the galaxy SED when 
compared to other magnitudes as is done in Fig[9l 

2.4. Reference samples 

In order to compare our results to high surface 
brightness galaxies, we considered two large sam- 
ples typical of "normal" (non-LSB) star-forming 
galaxies. 

The fi rst one is the GALEX Atlas of nearby 
galaxies (|Gil de Paz et al.ll2007bT ) . The big advan- 
tage of this sample is that the NUV and FUV pho- 
tometry were performed in the same way and with 
the same code as for our galaxies. Galaxies in the 
Atlas arc not selected on the basis of their surface 
brightness, but are representative of nearby galax- 
ies. Their properties are actually co nsistent with 
the N earby Field Galaxy Survey of I Jansen et al 
(2000). Although some LSB (or intermediate- 



J The radius of this isophote corresponds to the position 
where the error in the azimuthally-averaged surface bright- 
ness becomes larger than 0.8 mag. 

2 http:/ /cas. sdss.org/astro/en/ 



surface brightness) galaxies might be included, the 
typical star-forming galaxies in the Atlas are high 
surface-brightness objects. For this sample, we 
queried the LEDA database (jPaturel et al.l 12003) 
to obtain HI magnitudes and convert them into HI 
masses. 

The second sample is a set of st ar-forming 
galax ies from the GOLD Mine database (jGavazzi et al 
20031 ) , including multi- wavelength data for a large 
number of cluster galaxies. The advantage of this 
sample is that it includes a determination of the HI 
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deficiency. The HI deficiency is denned as the log- 
arithmic difference between the average HI mass 
of a reference sample of isolated galaxies of similar 
type and linear dimension and the HI mass actu 



ally o bserved in individual objects (jGavazzi et al 
120051 ). We excluded all galaxies with HI deficien- 
cies larger than 0.3, what is typically found in 
perturbed galaxies (e.g. ram-pressure stripping 
within clusters). For this sample, the attenuation 
in the UV was already estim ated (following the 
method of iBoselli etall l2003h . so the FUV and 



NUV magnitudes can be corrected for internal 
extinction. 

3. Spatial extent of the UV emission 
3.1. Extended emission 

We inspected our images to determine which of 
our galaxies present a XUV-disk like morphology, 
except for the five galaxies from the All sky Imag- 
ing Survey (AIS) which are too shallow to really 
discuss this point. 



Thilker et all (|2007l ) defined two types of XUV- 
disk galaxies. Type 1 XUV-disk galaxies present 
structured UV-bright emission complexes beyond 
the anticipated location of the star formation 
threshold (corresponding to a NUV surface bright- 
ness of about 27.35 AB mag /arsec 2 ). Six of 
our galaxies correspond to this case: NGC 7589, 
PGC 135754, PGC 71626, F 533-3, Malin 1, F 568- 
6. Type 2 XUV- disk galaxies are defined by 



Thilker et alj (|2007l ) as galaxies forming stars (i.e. 
UV bright) over an area much larger than the spa- 
tial extent of their old stellar population (as traced 
by near infrared light). Although we do not have 
deep enough K-band images to use their quantita- 
tive definition, the comparison of UV and optical 
images strongly suggests that F 568-1, F 530-1 
and F 568-3 are actually type 2 XUV-disk galax- 
ies (we th us find the same fr action of type 1 vs 



type 2 as iThilker et alll2007l 2 for 1, even if we 



have a very small number of objects). 



Thilker et al 



( 20071) found that about 30 % 
of the galaxies in the GALEX Atlas of nearby 
galaxies fall into any o f the XUV categories, and 
Zaritskv fc Christleinl (|2007t ) found at the 90% 
confidence level that 27 % of the spirals have UV 
sources in their disks at radius between 1.25 and 2 
optical radii, showing that extended UV emission 
is common in nearby spirals. Out of 13 deep UV 



images of LSB galaxies, nine present clear signs of 
extended emission, thus this phenomenon is even 
more frequent in LSB than normal galaxies, al- 
though we might be suffering from poor statistics. 

In the following, we will discuss the UV light 
distribution in a few galaxies of special inter- 
est. Recent studies suggested that Malin 1 is an 
early-type galaxy surrounded by a huge LSB disk 
(jSancisi fc Fraternal j|2007i lBarthll2007l ). The UV 
images of Malin 1 show the central part of the 
galaxy very clearly. In the outer disk, we observe 
several diffuse emission regions, probably corre- 
sponding to relatively re cent star formation within 
the LSB disk (see also IThilker et aTll2007l ). Ma- 
lin 2 (F568-6) presents a spectacular extended UV 
disk with a clear spiral morphology, while it can 
only be guessed in optical (DSS or SDSS images). 
Spiral patterns at large radii are observed in sev- 
eral others of our galaxies (PGC 71626, NGC 7589, 
F530-3). They are often barely visible in the op- 
tical, but the contrast is much more favorable at 
the UV wavelengths. This is due to the fact that 
the arm-interarm contrast is much more favorable 
in the UV if star formation is enhanced in the 
arms (UV emitting stars have short lifetime, thus 
are found closer to their formation locus), and ow- 
ing to the low background in the UV. Some other 
galaxies may harbor star formation within spiral 
patterns that cannot be seen in our images because 
of short exposure times or low spatial resolution 
(F568-3, F568-1). 

3.2. Optical to UV size ratio 

Fig. Q] shows that while our LSB galaxies 
cover the range of optical diamet ers found in the 
GALE X Atlas of Nearby Galaxies (|Gil de Paz et al. 
2007bT ). the optical to UV diameter ratio in LSB 
galaxies is on average much smaller (by about a 
factor 2) than the same quantity for the galax- 
ies in the Atlas, considering either the last UV 
isophote (top) or the diameter in which 80 % of 
the UV flux is contained. Thus, the UV light in 
LSB galaxies is on average more extended with 
respect to the optical than "normal" galaxies. 

The diameter corresponding to the last radius 
where the UV isophote was computed (top panel 
of Fig. QJ corresponds to a limiting signal to noise 
level, sensitive to the depth of the images. The 
comparison to the one measured in the GALEX 
Atlas of nearby galaxies makes sense for most 



6 



- 2 



S 
Q 



to 



■ | , , , | ■ • ■- 

GALEX Alias 
*T within 0-10 
o Other types 



■ Q * *S 7 # A *t» a > 




40 60 80 
NED 2a (kpc) 



100 120 



Fig. 1. — Ratio of the optical to the total NUV 
diameter (top) and 80 % (bottom) NUV diameter 
(diameter including 80 % of the light) as a function 
of the optical diameter of the galaxies in our sam- 
ple (squares). Open and filled circles are the same 
qua ntities for the GALEX A tlas of Nearby Galax- 
ies ([Gil de Paz et al.ll2007bf) . The last radius de- 
pending on the exposure time, galaxies from the 
All sky Imaging Survey would have larger UV di- 
ameter (and lower optical to UV diameter ratio) 
if observed at the depth of the GALEX Atlas. In 
that case, the ratio would be smaller than the one 
we determined, what we indicated in the top panel 
with arrows. 



galaxies since the exposure time are of the same 
order of magnitudes (within a factor of a few). 
We can thus make a quantitative comparison of 
this diameter ratio in our LSB galaxies and in the 
GALEX Atlas. This is not the case however for 
the data taken from the All sky Imaging Survey. 
For them, if we had deeper images (similar to the 
one in the Atlas), we could measure UV isophotes 
further away from the center than we actually did, 
and we would hnd lower optical to UV ratio. This 
effect, indicated by arrows in Fig. [I] can thus only 
strengthen our conclusion. 

The fact that the optical/UV diameter ratio 
of LSB galaxies is low may be a sign that these 
galaxies are relatively un-evolved objects, having 
formed stars in the past only in their central part, 
with large-scale star formation occurring currently 
in a lar ge HI disk. This is consistent with the anal- 
ysis of Bell et al. ( 2000h who found optical- near 
infrared color gradients showing younger ages in 
the outer parts of LSB galaxies. 

4. Star Formation Rates and Star Forma- 
tion Efficiency in LSB galaxies 

4.1. Theoretical expectations 

The model s for L SB an d HSB galaxies of 
Boissier et al. ( 2003 ) and Boissier fc Prantzod 



(2000) predict that the the lower surface density 
and larger radial extent in massive LSB objects 
make them less efficient at forming stars by a fac- 
tor 5 to 10. These models are of the general type 
that consider LSB galaxies as analogues to HSB 
galax ies, but with larger s pecific angular momen - 
tum ( Jimenez et al. 19981 : Dalcanton et al. 1997 ). 
For the same total mass, the surface densities are 
lower. If the star formation density is not a linear 
function of the gas density, a lower star formation 
efficiency is to be expected. I t is the case of the 
models of Boissier et al.l ( 2003 ) where the star for- 
mation density (T,sfr) is proportional to T,gas 
to a power 1.5, and to the inverse of the radius. 



It is also the case of the models of Jimenez et al 



(|19981 ) who assume T,sfr oc ^gas'^star.s- 
deed, in both cases the ratio T,sfr/^gas will 
be s maller for larg e r, low er de nsities LSB galax- 



ies. 



de Blok et al. (|l996f) and iMcGauehl (Il992l) 



showed that the gas surface densities in LSB are 
down by a smaller fraction than the stellar surface 
densities when comparing to HSB galaxies (a fac- 



7 



tor of 5 or 10 in surface brightness corresponding 
to only 2 to 3 in gas densities). This result is 
qualitatively consistent with such star formation 
law: for ins tance, considering th e star formation 
law used bv lBoissier et al. ( 2003 ). we have: 



-'SFR.HSB 



GAS,HSB 



1.5 



R 



LSB 



^SSFR,LSB V ^GASXSB J RhSB 



(1) 



where Rlsb and Rhsb are typical sizes of LSB 
and HSB galaxies. Assuming they encompass the 
same total HI mass, we can write Rlsb(hsb) °c 
^gas lsb(hsb)' ana - then rewrite equation [T] as 

{^sfr,hsb/^sfr,lsb) = 

(Zgasmsb/Zgas^sb) 1 - 5 ^- 5 - With this simple 
back-of-the-envelope calculation, we find that a 
factor 3 difference in the gas density can produce a 
factor 9 difference in the star formation rate sur- 
face density between LSB and HSB galaxies. If 
the gas surface density is approximatively constant 
during the history of the galaxy, the same factor 
applies to stellar surface densities. 

Note that observationally, we use integrated 
values rather than surface densities. It is equiv- 
alent because the UV diameter (in which the UV 
is detected) is roughly the diameter where the 
gas column density reaches 1 M Q pc -2 , at least 
for those galaxies for which it has been mea- 
sured (HI diameters a re however quite uncertain; 
Matthews et al.l l200ll . and thus the gas surface 
densities defined in that way, and the the star 
formation law derived from them are crudely de- 
fined). 

iGerritsen fc de Blokl (| 1999( 1 performed N-Body 
simulations in which star formation and feedback 
are implemented in a very different way (based 
on the Jeans mass). In their case, they did not 
find differences in the SFR with respect to the 
HSB case; however they still found lower SFR for 
LSB galaxies when including the effects of the low 
metallicity in LSB galaxies, lowering the cooling 
efficiency and thus the amount of star formation. 
Based on their work also, a lower efficiency should 
then be expected in LSB galaxies, but due to their 
lower metal content. 

The lower global efficiency to form stars in 
LSB galaxies was a l so exp ected in the models of 
van der Hulst et al.l (jl9931 ) because their gas sur- 

'star formation 



4.2. Empirical determinations of the SFR 

In this section, we assume the standard conver- 
sion factors from t he UV to derive Star Forma- 
tion Rate following iKennicuttl ( 19981) . The results 
are given in Table 03 We caution that the these 
conversions assume that the star formation rate 
is roughly constant over a few 10 8 yr, that there 
is no attenuation by dust (or this effect has been 
corrected), and that the galaxy Initial Mass Func- 
tion is standard (close to Salpeter). We will see in 
the next sections that some of these assumptions 
might not be valid, what will greatly affect our 
result. 

Our UV SFRs are larger than the ones deter- 
mined in various papers concerning LSB galaxies 
(see Table [3] and Fig [2]) . There are several rea- 
sons for this that we discuss below: i) in the ab- 
sence (or deficiency) of dust (as it seems to be 
the case, see next section), the infrared will pro- 
vide under-esti mated measurements of the star 
formatio n rate (iRahman et al. 2007 ). ii) Some 
studies ( Burkholder et alT2001 ) provide nuclear 
SFR while we provide integrated measurements 
for the se significantly exten ded galaxies, iii) The 
SFR of van Zee et al. I dl997h are a bit smaller than 
ours for the same HI mass (the same is true for 
a given B magnitude). They are derived from 
Ha data. This could indicate an age (the most 
massive stars have disappeared) or an IMF (mas- 
sive stars were not formed in the first place) ef- 
fect. Not e that their sample concern mostly dwarf 
galaxies. lO'Neil et all (|2007t l also determined SFR 
from Ha, but for more massive galaxies, with in- 
termediate surface brightness. Their results are 
quite similar to ours (see Fig. [5]). 

On the other handj the SFRs obtained by 



face density is smaller than the 
threshold". 



van den Hoek etHl {2000) from modeling broac 
band and HI content are quite in agreement with 
the ones in our sample at the same magnitude, 
or HI mass (one of their galaxy has a large SFR, 
but is uncertain due to contamination by other 
sources). Notice that they sample relatively faint 
LSB galaxies and not the more massive ones for 
which we have more data and see more differences 
with respect to "normal" spirals). 

In Fig. [2j we compare the relation between SFR 
(derived from NUV) and HI in our sample of LSB 
galaxies to the one in nearby star forming galax- 
ies from GOLD Mine, corrected for extinction ef- 
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fects. We find that the SFR in the massive LSB 
is lower, thus the efficiency of forming stars (or at 
least NUV emitting stars) is lower in such galaxies 
(we checked that the massive GOLD Mine galax- 
ies have still larger SFR if we use data uncorrected 
for extinction for them). This is in nice agreement 
with the theoretical expectations discussed above 
that the star formation efficiency should be lower 
(see however the next sections in which we show 
that determining SFR in LSB galaxies may be a 
harder task than what is done here and in most 
empirical works). The few low-mass LSB galaxies 
we have in our sample seem similar to "normal" 
star forming galaxies for their mass, in terms of 
star formation rate. 
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Fig. 2.— NUV-derived SFR as a function of the HI 
mass in LSB galaxies (filled squares), compared to 
extinction corrected SFR in normal star forming 
galaxies (from GOLD Mine), and other determi- 
nations in LSB galaxies. These values are however 
very uncertain 
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Table 3 



SFR DEDUCED FROM THE IKeNNICUTTI (|1998D CONVERSION FACTOR, COMPARED TO SFR FROM OTHER 
STUDIES (CAUTION SHOULD BE TAKEN CONCERNING THESE VALUES, SEE SECTION [4]) 



Name 


FUV SFR 


NUV SFR 


Other 




Moyr" 1 


Movr- 1 


Mgyr" 1 


UGC00568 


0.0165 


0.1174 




UGC01230 


0.3311 


0.4446 




UGC02936 


— 


0.8366 




OBC97-C04-2 


0.0184 


0.0399 




F564-V3 


0.0013 


0.0014 




UGC05209 


0.0040 


0.0061 




F568-1 


0.3020 


0.4365 


0.31 


F568-3 


0.3476 


0.4624 


0.33 


UGC05750 


0.2426 


0.3443 




PGC135754 


0.7938 


1.6585 




F568-6 




4.3092 




F571-V1 


0.1076 


0.1705 


0.14 


Malinl 


1.1667 


2.5291 


0.38 


PGC45080 




1.5026 




F530-1 


1.1959 


2.3426 




F533-3 


1.0498 


1.7583 




NGC7589 


0.7284 


1.1438 




PGC71626 


1.7025 


3.3043 





Early- type SED, measured only 
in the central 5 arcsec 



(l2000h . 



model 



0.33 van den Hoek et al 



(|2000h . 



model 



0.14 van den Hoek et al 



(l2000h . 



model 



0.38 iRahman et all (|2007n . infrared 



0.2 McGaugh & Bothu3 (Ell) 



LSB galaxies (-15.14 > 

Mb > -21.17) 

dwarf LSBs 

subsample of APM, 
Ho > 21 

16 relatively faint 
LSBs 

intermediate surface 
brightness 



model 



0.0083-0.35 Ivan Zee et al.l (|1997l) . Ha imag- 
ing 



0.17 ± 0.36 iBurkholder et all (|2001h . Ha, 
nuclear 



median 0.15 van den Hoek et al 



(<2000h . 



models 



0.3-5 lO'Neil et all (120071) 
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5. FUV-NUV color of LSB galaxies 



5.1. Observations 



We checked that the FUV-NUV color profiles of 
our galaxies (not shown) are quite flat, so that the 
integrated color is similar to the color all over the 
disk, including the outer regions. UGC 00568 is an 
exception: this galaxy is barely visible in the FUV 
image, and it was not possible to extract a reliable 
profile in this band. As a result, the FUV-NUV 
color corresponds only to the central 7 arcsec. The 
rest of the disk is probably also red since it is not 
detected in the FUV band. This is the only object 
in our sample that shows a SED similar to those of 
early- type galaxies (Fig. [9]). Note that even if the 
magnitudes are integrated within a larger radius, 
the NUV-2MASS colors are still consistent with 
an early- type galaxy SED. This is our only case of 
extremely red LSB despite a huge HI reservoir. 

In normal star forming galaxies, the total in- 
frared (TIR) to UV emission rat io of a galaxy is a 
good proxy for the a ttenuation dBuat fc Xu 1996; 
Gordon et aD l2000l ; IPanuzzo et all l2003h . Sev 



eral st u dies dBoissier et al.ll2007l; Gil de Paz et al 



2007bl ; ICortese et all 120061: ISeibert et all l2005f ) 



have shown that a relation exists between this ra- 
tio and the FUV-NUV color in star forming galax- 
ies, even if it is shifted (towards lower extinction 
for the same color) with respect to the classical 
relationship found w i th IUE in starburs ts (e.i 



if. 



Heckman et al.l 119951: iMeurer et ail Il995l ll99S 
Thus, it is expected that star forming galaxies 
with low extinction should have blue FUV-NUV 
colors, close to zero, while redder colors should 
indicate some amount of extinction. 

The FUV-NUV colors of our LSB galaxies are 
similar to the ones measured in normal star form- 
ing galaxies, and follow similar trends with various 
quantities (we show in Fig. [3] the FUV-NUV color 
vs the HI mass). From this figure, it even seems 
that for the same mass, the color is marginally 
on the red side of normal galaxies, especially for 
LSB galaxies with HI masses above 10 10 Mq. The 
bottom panel of Fig. [3] clearly shows that LSB 
are almost all redder than the FUV-NUV color of 
star forming galaxies when they are corrected for 
attenuation. Such corrections are uncertain, how- 
ever the corrected colors do correspond to what is 
expected in the stellar populations of star forming 
galaxies (FUV-NUV ~ 0, see section 5.3). A nat- 
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Fig. 3. — Observed FUV-NUV color of our sam- 
ple of LSB galaxies (using aperture, squares, or 
asymptotic, open circles, magnitudes) as a func- 
tion of the HI mass, compared to a sample of 
normal star forming galaxies from GOLD Mine, 
and to the GALEX Atlas of Nearby Galaxies. In 
the top panel, the LSB color is compared to the 
FUV-NUV color observed in various samples. In 
the bottom panel they are compared to the FUV- 
NUV color corrected for extinction in the GOLD 
Mine sample. The right axis indicates the amount 
of extinction derived using the relationship be- 
tween the infrared to UV ratio and FUV-NUV in 



Boissier et al.l (120071). and the A(F UV) vs infrared 



to UV ratio in iBuat et all (|2005f ) 



These fits are 
only valid for FUV-NUV < 1.5. We included a 
question mark in the label A(FUV) to stress that 
this is the extinction one would derive from the 
color for usual galaxies. However, this conversion 
may not be valid for LSB galaxies (see text of sec- 
tion 5). 
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ural explanation of the FUV-NUV color of LSB 
galaxies is thus that they suffer large internal at- 
tenuation, similarly to HS B normal st a r for ming 
galaxies. We combined the iBuat et all (|2005f ) re- 
lationship (FUV attenua tion as a funct i on of the 
TIR/FUV ratio), and the lBoissier et all (|2007h re- 
lationship (TIR/FUV as a function of FUV-NUV 
in nearby spirals) in order to convert the FUV- 
NUV color into the corresponding amount of ex- 
tinction in normal galaxies. An extinction scale 
computed in that way is shown in the right axis 
of Fig. [3] (we cannot use directly the TIR/FUV 
ratio since we do not have infrared measurements 
for the galaxies in our sample, with the excep- 
tion of Malin 1, see section This gives us 
the amount of attenuation A(FUV) necessary to 
redden the FUV-NUV color to the observed level, 
about 1.5 mag for the massive LSB galaxies. We 
study this assumption in section f5. 21 

We emphasize that this calibration of the at- 
tenuation with the FUV-NUV ratio should be 
valid only for star forming galaxies: if star 
formation was quenched some time ago (early 
type, truncated SFR), this relation shal l fail (e.g. 



Boselli et all l2006t ICortese et all 120081 ) because 



old stars would have a red FUV-NUV color even 
in the absence of dust. However our SEDs are 
consistent with those of Irregular, and late-type 
spirals, in which such quenching should not a pri- 
ori occurs, except for UGC 00568. A few other 
galaxies have not so late type (similar colors to the 
Sbc template), but they are not systematically the 
redder ones in FUV-NUV. We note also that op- 
tical/red images show a more concentrated mor- 
phology than the UV, i.e. the color of star forming 
regions, especially outer ones are bluer than the 
integrated one (for the galaxies with SDSS data, 
we verified this point with the NUV-r color pro- 
file). This is an indication that the FUV-NUV 
and e.g NUV-r color do not trace the same stel- 
lar population. In this case the FUV-NUV red 
color could correspond to a star formation that 
was quenched recently in the young regions, while 
the optical colors would be more sensitive to a 
smooth star formation history on the timescales 
corresponding to older populations. Alternatively, 
redder FUV-NUV colors could also be explained 
by an IMF effect (we will come back to such sce- 
narios in section f5. 3D. 



5.2. Are LSB galaxies affected by dust at- 
tenuation ? 

As discussed above, the FUV-NUV color in our 
LSB galaxies could indicate significant amount 
of attenuation, increasing with the HI mass of 
galaxies. However, it is generally believed that 
LSB disks are deficient in dust with respect to 
their high surface b rightness counterparts (e.g. 



Rahman et al. 20071 and references therein), 
based of their generally blue colors, low densi- 
ties, low metallicities and deficiency in molecular 
gas. Actually, recent studies show that LSB galax- 
ies do contain molecular gas (although in smaller 
amount with respect to HSB disks) that, being 
localized in isolated regions, is difficult to detect 
(jO 'Neil fe Schinnererl[200l iDas et al.ll2006h . We 
should also note that measuring the CO molecular 
emission and converting it to gas masses is quite 
uncertain due to the un certainty on the con version 
factor from CO to H2 (jBoselli et al.ll2002l) . espe- 
cially at the low metal abundances and densities 
found in these galaxies. Among the reasons let- 
ting to think that the attenuation in LSB galaxies 
is weak, we should also n ote that LSB disks ar e 
found to be transparent bv lHolwerda et all (|2005l ). 
based on the count of distant field galaxies seen 
through disks. 

Very recently, it became possible to study the 
far infrared dust emission in LSB g alaxies ow- 
i ng to the Spitzer Space Telescope. iHinz et"al 



(|20071 ) reported observations of 5 LSB galaxies 
with Spitzer, three of the m also analyzed (wit h 
slightly different results) in lRahman et al.l (|2007l ). 
together wit h one "intermedi ate" surface bright- 
ness galaxy. IHinz et all ( 2007 ) concluded that the 
far-infrared emission is weak when compared to 
normal star forming galaxies and that LSB galax- 
ies contain less and/or colder dust. They sug- 
gested that the dust is detected in the infrared 
for galaxies with large amounts of star formation. 
From the MIPS data in these papers, we computed 
the total infrared ( TIR) emission (using Eq. 4 of 
Dale fc Heloull2002n and show them as horizontal 
dashed lines in the left panel of Fig. [U The vertical 
dotted lines indicates FUV fluxes for LSB galax- 
ies in our sample with blue band magnitudes in 
the same range (-23< Mb <-17) as th e galax ies in 
Rahman etall (|2007t) and lHinz etal] (|2007l) . As- 
suming LSB galaxies with similar Mb are indeed 
similar, LSB galaxies should lie in this diagram in 
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Fig. 4. — Left : FUV vs TIR lu mino sities. The horizo ntal (vertical) lines indicate TIR (FUV) values for 
galaxies in Rahman et al. I (|2007l) and iHinz et al.l (|2007f) ( our work, only showing galaxies in the same Mb 
magnitude range as these studies). Right : TIR to FUV ratio vs FUV-NUV color. 
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Fig. 5. — TIR luminosities as a function of the 
blue band absolute magnitude for galaxies of the 
GALEX Atlas of nearby galaxies (circles) and for 
LSB galaxies (squares and triangles). 



the region where horizontal and vertical lines cross 
(notice that many horizontal lines are actually up- 
per limits). The TIR emission of the galaxies in 
the GALEX Atlas of Nearby galaxies (computed 
from IRAS 60 and 100 fim fluxes as in Dale et al 
2001) is also shown. Measured TIR values in mas- 



sive LSB galaxies are clearly weaker that the val- 
ues found in normal star forming galaxies with the 
same FUV flux. Malin 1 is the only true LSB 
galaxies for which we have both TIR and FUV val- 
ues, and that can be definitively placed in this dia- 
gram. We find that its TIR flux (actually an upper 
limit) is smaller than for any normal star forming 
galaxies with the same FU V flux. We note that 
UGC 06879 is considered bv lRahman et all (|2007h 
as an intermediate surf ace brightness galaxy. Us - 
ing the UV fluxes from I Gil de Paz et all (|2007bh . 
we see that it is located among normal star form- 
ing galaxies in this diagram. 

The right part of Fig. |4] shows the ratio 
TIR/FUV vs the FUV-NUV color. We can see 
the trend followed by normal star forming galax- 
ies mentioned above: redder galaxies are more 
extinguished. T he intermediat e surfa ce bright 



ness galaxy from lRahman et al.l (|2007h is on this 
trend. The upper limit on the far-infrared emis- 
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sion of Malin 1 from iRahman et al.l (|2007f ) cor- 
responds to a very low upper limit on this ratio, 
resulting in an upper limit o f 0.4 mag o f atten - 



uation with the c alibration of iBuat et al.l (|2005l ). 



Hinz et alj (|2007l ) obtained lower numbers for the 
infrared fluxes upper limits of Malin 1, stressing 
the difficulty to determine them in LSB galax- 
ies. Adopting their results, we obtain an even 
lower value for the maximal FUV attenuation in 
Malin 1 : 0.1 mag (similar attenuations of 0.39 
and 0.2 mag are ob tained using the calibration of 
Cortese et al. 20081 based on the FUV-g color of 
Malin 1). In any case, this is much lower than the 
attenuation necessary to redden the FUV-NUV 
color estimated in section 5.1 (~ 1.5 mag). 

Unfortunately, at the present, we have both 
FUV and TIR measurements only for Malin 1 . In- 
stead of comparing the TIR and FUV emission of 
galaxies with similar blue band magnitude Mb , as 
we did above, we can also directly compare the re- 
lationship between the TIR emission and Mb for 
the few LSB galaxies for which we have this in- 
formation to the one obtained with the GALEX 
Atlas of nearby galaxies (FigEJ) . Here again, we 
see that LSB galaxies have systematically low dust 
emission in the infrared with respect to normal 
star forming galaxies with the same Mb- This 
suggests they suffer lower amount of extinction. 

Putting together the results from this section, 
although the trends followed by the FUV-NUV 
color in LSB galaxies are similar to the ones ob- 
served in HSB galaxies, and for which it is due 
(we believe) to an attenuation effect, other consid- 
erations (especially infrared fluxes) clearly suggest 
that there is very little extinction even in the more 
massive, redder LSB galaxies. In the following, 
we seek for other explanation for their FUV-NUV 
color. 

5.3. Age or IMF effect ? 

Fig. [4] shows that Malin 1 (and probably 
other massive LSB disks) have a low value of 
TIR/FUV for a large value of FUV-NUV, with re- 
spec t to "normal" (no n-LSB) star forming galax- 
ies. iKong et~aL (2004), for instance, used models 
to show that the position of a galaxy in this di- 
agram may depend on its star formation history. 
In order to match the position of Malin 1 with 
their models, it would be necessary to assume ex- 
tremely low current to past average star formation 



rate (birthrate b parameter). This is however not 
very compatible with the idea that LSB galaxies 
are "young" , i.e. to the light of their stellar pop- 
ulation and chemical state (large gas fraction, low 
metallicity, blue optical colors in many galaxies...). 
The spectrum resulting from such history should 
be similar to early-type galaxies. Only one galaxy 
in our sample has such a spectrum (UGC 00568). 
The remaining of them arc indeed similar to star 
forming Irregular and late spirals types. One pos- 
sible explanation would be that star formation 
proceed by bursts with quiescent phases longer 
than the UV emission timescale (a few 100 mil- 
lion years), but shorter than the optical emission 
timescale (Gyr scale). This could produce during 
quiescent phases red FUV-NUV colors, relatively 
blue optical colors, and low birthrate parameters 
(UGC 00568 would be an extreme case in which 
the quiescent phase was long enough to also affect 
optical colors). 

Indeed, in the absence of extinction, the FUV- 
NUV color can be a good indicator of the age of 
a star cluster (jBianchi et alJ l2005h . FUV-NUV 
color ranging from about -0.2 to 1 would corre- 
spond roughly to ages of the clusters within 3 
Myr to 360 Myr according to this paper. If the 
FUV-NUV color results from such an age effect, 
it still remains to be explained its dependence on 
the B-band magnitude or HI mass (redder colors 
are found in the most massive LSB disks) , since it 
is not obvious why the age of the most recent star- 
formation event should behave in this way. Part 
of the trend could actually be due to a metallicity 
effect since more massive galaxies are more metal- 
rich (see section 6 for a detailed derivation of this 
age, taking into account the metallicity). 

An alternative would be that the Initial Mass 
Function (IMF) is different in low density regions, 
favori ng lower mass stars which are redder. In- 



deed, IWeidner fc Kroupal (|2005f ) found that the 



"Integrated Galaxial" IMF is steeper than the uni- 
versal IMF, assuming stars are born in clusters fol- 
lowing a mass function whose the maximum mass 
{Me.ci.max) is a function of the galaxy SFR (stars 
are born following the IMF within these clusters). 
They predict a strong effect at low star formation 
rates, and predict that stars more massive than 
25 M Q will never form in low mass LSB galaxies. 
When the IMF gets steeper, favoring less-massive 
stars, we should obtain redder colors. Moreover, 
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with such an effect, we should obtain that less 
massive galaxies, in which lower amount of star 
formation takes place should be redder, while we 
observe the opposite trends (see Fig. [3] for FUV- 
NUV vs the HI mass, a similar trend is found with 
the magnitudes in either B, NUV or FUV bands). 
A steep IMF in LSB galaxies is also suggested by 
Lee et al. ( 2004 ) who found it provides a better 
agreement with observations of mass to light ratios 
and optical colors (B-R,B-V,B-I). However their 
result is based on a single burst scenario (a few 
Gyr old). If the star formation history is more 
complex, for instance composed of a few Gyr old 
burst on top of an older underlying stellar popula- 
tion, a standard (stellar) IMF could be accommo- 
dated since the single burst scenario would require 
an excess of low-mass stars to compensate for the 
contribution of the most evolved stellar popula- 
tion. Until more complex star formation histories 
are considered in similar studies, conclusions con- 
cerning the IMF should be considered cautiously. 
Another constraint on the IMF comes from the 
fact that L SB galaxies follo w the Tully-Fisher re- 
lationship (jMcGaug h 2005), what would be hard 
to understand if their IMF was extremely different 
than the one in HSB galaxies. 

In order to test the effect of age and IMF on 
the FUV-NUV color in a very simple way, we 
used the code of chem ical and spectrophotometric 
galactic evolution of iBoissier fc Prantzosl |l999) 
to compute the evolution of this color in two sce- 
narios : a constant star formation rate, and a 
post-burst scenario, in which we use a constant 
star formation rate for 10 s yr, time after which the 
star formation rate is quenched. We assume that 
the FUV and NUV luminosities are then domi- 
nated by the fading of the stars created during 
this event. For each of these scenarios, we made 
three as sumptions: adopting a solar metallicity 
and the IKroupa et all (|l993b IMF, a low metal- 
licity (a 20th of solar) with the sa me IMF, and 
finally a solar metallicity and the IKroupa et al. 
(|1993I ) IMF but truncated at a very low mass of 



5 M (in order to test if the IMF of LSB galax- 
ies is truncated at high masses, as suggested by 
Weidner fc Kroupa 2005). We note that in the 
case of the post-burst scenario, our results slightly 
depend on the quenching time used in our compu- 
tation (10 s yr). However, the differences obtained 
by varying this parameter (from 10 7 yr to 10 10 




SFR quenched 
■ at. T 10" yr 



Constant SFR 



10 



log(T) (yr) 



Fig. 6.— Effect of the age or IMF on the FUV- 
NUV color. Horizontal lines correspond to the val- 
ues measured in our sample, the various curves to 
different models as indicated in the figure. 

yr) are smaller than the ones obtained between 
the two metallicities considered (one can guess 
this small dependence on the quenching time by 
noting that in Fig[5]the FUV-NUV color for a con- 
stant SFR depends little on the age). Thus our 
results for the two metallicities provide a realistic 
range for the age of the event, independently of 
the duration of the star formation event anterior 
to the quenching. The results are shown in Fig. 
[51 in which the horizontal dotted lines show the 
colors measured in our LSB galaxies. Unless the 
IMF is severely truncated, only one galaxy is con- 
sistent with ongoing star formation. Note that the 
models are dust-free, and that the colors obtained 
for ongoing star formation (-0.2 to 0.2) for differ- 
ent metallicities and ages are consistent with the 
FUV-NUV corrected for extinction of normal star 
forming galaxies, as shown in the bottom panel of 
Fig. 3. To explain the colors of most of the LSB 
galaxies in the absence of dust, we thus need to 
either use of a truncated IMF, or that the star 
formation was quenched for a significant amount 
of time, between about 0.7 to 1.4 Gyr (assum- 
ing a low metallicity) or 0.1 to 0.3 Gyr (for a solar 
metallicity), this time being an increasing function 
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of the total mass of the galaxy. Again, even if it is 
quite possible that the star formation proceed by 
burst episodes with quiet p eriods in between, or 



fluctuates sign i ficant l y (e.g. IVallenari et al 



Boissier et al. 2003 



Gerritsen fc de Blok 1999; O'Neil et al 



van den Hoek et al 



2005 



. .20001: 
1998). it 



is somewhat strange that the time elapsed after 
the last burst is longer (redder color, even if this 
trend is not very strong) for galaxies with larger 
HI masses. 

IVallenari et al. ( 2005 ) shows the SFR history 
for UGC5889, obtained from CMD diagrams. 
They conclude that SFR proceeded in episodes of 
very low rates (10 -2 MQyr" 1 ), spaced by periods 
of quiescence. However, from their Fig. 9, no pe- 
riod of quiescence longer than ~ 20 Myr occurred, 
concerning a dwarf LSB galaxy. It is even more 
difficult to think of a reason why in more mas- 
sive LSB galaxies (such as the ones analyzed here, 
and in which stochasticity should have a smaller 
effect), those periods could l ast up to ~ 300 Myr 



The N -body simulations of iGerritsen fc de Blok 
(1999) result in strongly fluctuating star forma- 
tion histories, also with t imescales of about 20 
Myr. iBoissier et al. (2003) had also to advocate 
bursts and quiescent phases to explain several ob- 
servational facts in LSB galaxies, as the scatter 
in the Tully-Fisher and in the gas to luminosity 
ratio, as well as the existe nce of some red LSB 
galaxies (jO'Neil et al.lll997l ). According to their 



model, quiescent phases should be longer (up to 
1 Gyr) to explain these colors. These works sug- 
gest that star formation in LSB galaxies or in low 
density regions may proceed by bursts followed 
by quiescent phases, however the timescales are 
not in perfect agreement with the ones we need to 
explain the FUV-NUV colors. 

6. Star Formation Histories of 
LSB galaxies 

In section 01 we computed the SFR using stan- 
dard calibrations. However, the FUV-NUV color 
suggests either an extinction effect, a drastic trun- 
cation of the IMF, or that the UV emitting regions 
are older and older for more massive galaxies (we 
actually refer to the HI mass of the galaxies, for 
which we have measurements). 

If the effect is due to extinction, then the SFRs 
have been underestimated, and the real SFRs in 



LSB galaxies are similar to the one in normal 
galaxies. However, with such an assumption, we 
would have to explain the low level of infrared 
emission, and the other signs of transparency. It 
would also be hard to explain the other signs of 
youth usually observed in LSB galaxies (blue col- 
ors, young ages, low metallicity) . 

For the two other assumptions, we can use the 
same models as in section 15.31 We computed for 
each of them the FUV and NUV magnitudes cor- 
responding to star formation rates of 1 MQyr" 1 
(continuously, or quenched after 10 8 yr). The re- 
sults are given in Fig. [7] 

First, for a continuous star formation rate, we 
find that our models ar e consistent with the con- 
version factor given by iKennicutt ( 1998 ) . How- 
ever, depending on the metallicity, deviations with 
respect to this calibration up to about ~ 0.5 mag- 
nitudes are observed (a factor ~ 1.5 on the SFR). 

If we adopt the severe truncation at 5 M Q on 
the IMF, we predict of course a much weaker UV 
emission, by 1.5 magnitude in FUV and about 1 
magnitude in NUV. If this is true, then our NUV 
SFR were underestimated by a factor about 3. In 
that case, the star formation rate at a given HI 
mass (or star formation efficiency) in LSB galaxies 
compared to "normal" galaxies would be barely 
lower. 

As mentioned above, several works have sug- 
gested that the star formation in LSB galaxies pro- 
ceeds in a sequence of bursts and quiescent p hases 



coeds m a sequence ot bursts and quiescent phases 
I Vallenari etaD 120051 : IGerritsen fc de Blokl fl999t 
Boissier et al 1" l2003l ). We try in the following to 



see what we can conclude concerning the star for- 
mation history of LSB and low density regions un- 
der this assumption. We sh ould also mention the 
study of iBoquien et al. ( 20071 ) who discussed var- 
ious star formation indicators (including the UV) 
in low density HI probably expelled during a galac- 
tic collision. They found that the UV actually 
overestimates the current value of the SFR, but in 
that case the current value of the SFR is not very 
pertinent as the SFR was much higher shortly af- 
ter the collision. 

Adopting the curves at the bottom of Fig. \7\ 
and the one in Fig. [5] in the case of a quenched 
SFR, we can compute from the FUV-NUV color 
the time elapsed after the quenching, and then 
from the NUV evolution given in Fig. [7] the 



16 




Fig. 7. — FUV and NUV magnitudes for a star formation of 1 M yr _1 , continuously (top) o r quenched 
after 10 s yr (bottom). The horizontal line shows the magnitude obtained using the calibration of iKennicuttl 
(|1998l ). The various curves correspond to the various assumptions concerning the IMF and the metallicity, 
as presented in Fig. [6j 
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level of SFR during the active phase. We do this 
for both the solar and low metallicity (Zq/20) 
cases in order to have an idea of the uncertainty 
due to the metallicity. For each galaxy, we also 
compute the more plausible value by fitting the 
luminosity-mctallicity relationship in iMcGaughl 
(|l994l ) (logZ/Z = -2.81 - 0.1LM B ), and use 
the metallicity obtained in that way (Zm b ) ■ Due 
to the paucity of measurements of abundances in 
LSB galaxies, this value is however quite uncer- 
tain. The results are given in Table [4] We also 
show the values derived as a function of the HI 
mass (see Fig. [8]). Our galaxies are characterized 
by a time elapsed since the last burst of a few 100 
million years up to more than 1 Gyr, and very high 
Star Formation Rates (at least for galaxies more 
massive than 10 10 M Q in HI) during the active 
phase. The real amount of stars formed depends 
however on how long this active phase lasted. 

The amplitude of the bursts suggested by 
our results are q uite large with resp e ct to the 
one found in e.g Gerritsen fc de Blok ( 19991 ) or 



Vallenari et"aH (|2005l ) 



a few M Q yr _1 for the 
dwarf LSB galaxies, up to several hundred M Q 
yr" 1 in mass i ve LSB galaxies. On the other hand, 
O'Neil et all (|l998l ) show that the present SFR 
in LSB galaxies is too small to produce their to- 
tal luminosity, suggesting that the SFR has been 
much larger in the past. We note that some of 
the parameters involved in the computation of 
the theoretical FUV-NUV color are uncertain. 
This could have some effect on the elapsed time 
and burst amplitudes derived. Also, the burst 
could be extended in time (instead of an instan- 
taneous quenching), making the evolution of the 
FUV luminosity shown in Fig. [7] less abrupt. 
This could make compatible our elapsed time and 
am plitude bursts with t he res ult s of the works 
berritsen fc de Blokl dl999l ) . IVallenari et al 



of 



(|2005l ). or Ivan den Hoek et all (|2000l ) which con- 
cern relatively low-mass LSB galaxies. It would be 
hard however to diminish sufficiently the SFRb urst 
derived in giant LSB galaxies so to change the 
trends seen in Fig. [7] galaxies more massive than 
about 10 10 M (in HI) show larger SFRs and 
elapsed time since the last burst than less mas- 
sive ones (even if the latter trend is unclear when 
adopting the more plausible metallicity) . I n this 
context, we should note that iMapelli et all ( 20071 ) 
suggested that ring-galaxies (like the Cartwheel) 



may evolve into giant LSB galaxies like Malin 1 
in their late stage (about 500 Myr after a colli- 
sion), what may fit with the large SFRburst and 
elapsed time that we find. However their analysis 
did not include UV data or predictions for this 
wavelength. 

With the ellapsed time that we find, one could 
expect to find almost no Ha emission in LSB 
galaxies, while it is commonly observed (e.g. ref- 
erences in Table El or e.g. the rotation cu rves of 



McGaugh et alJlioOll; fs waters et al.ll2000h . How 



ever, many of these Ha detections concern rel 



2000) 



or 



atively low luminosities ([S waters et al 
dwarf ( van Zee et al.l 1 19971 ) LSB galaxies, while 



the elapsed times we find are significantly large 
only in the more massive LSB galaxies in which the 
presence of Ha would pose stronger constraints. 
Also, our method based on the FUV-NUV color is 
able to date the last significant event contributing 
to the UV spectra. Smaller and more recent star 
formation could have occurred, as long as the UV 
emission is still dominated by the older event (This 
would also lead to deriving lower SFR from Ha 
than from the UV). Finally, the quenching could 
not be instantaneous, but rather present a smooth 
decline (we do not attempt to model it to avoid 
the multiplication of free parameters), making Ha 
visible for a longer time. 

In the following, we will estimate the total du- 
ration of the active phases needed to form all the 
stars in these galaxies, given SFRburst- 

Assuming an average K-band mass-to-ligh t ra- 
tio oUog{M/L) = -0.3 ride Jong fc Bellll200lh . we 
can compute the stellar mass from the K band to- 
tal magnit ude for galaxies with 2MASS data. For 
galaxies in lde Blok et al.l (|l995l ). we can compute a 
stellar mass from the R ba nd magnitude, w i th the 
stellar mass-to- light ratio of lde Jong fc Beli (|200lh 
depending on B-R. From the SDSS r-band data, 
we can also compute a stellar mass adopt i ng th e 
average trend shown in iKauffmann et alj ([20031 ) . 
These stellar masses are given in Table [5] They 
are rough estimates, with the differences between 
the various masses giving an idea of the uncer- 
tainty (~ 0.2 dex). 

Assuming that the star formation proceed by 
bursts of amplitude SFRburst (Table |4]), we de- 
termined how long it takes to produce the whole 
stellar mass of the galaxy (Tburst — M*/(l — 
R)SFRburst), where R is the returned fraction, 



18 



for which we a dopt R=0.3, corresponding to the 
IKroupa et all <|l993h IMF. The values obtained 
(for each estimation of the stellar mass, and for 
the SFR determined for various metallicities) are 
given in Table and Fig. M The "burst" time 
is actually the total time during which the galaxy 
had to be in an active phase to build up its stellar 
mass (assuming no stars at all were formed during 
the quiescent periods), even if it may have been 
split in several events of similar SFRb urst . 

From Fig. we can see that the results are 
quite dispersed, due to the approximations we 
have to make to derive SFR and stellar masses. 
However, it seems that above 10 10 solar masses 
(corresponding to galaxies in which we find very 
high SFRb urs t), the time elapsed after the last 
burst is increasing with the mass. At the same 
time, Tburst, the time during which the galaxy 
was in a "burst" phase during its history, de- 
creases with the mass (this result is however very 
uncertain, especially due to the uncertainty on 
the metallicity, affecting Teiapsed and the quan- 
tities derived from it). This opposite behavior of 
Teiapsed and T ourst is indeed expected when the 
fraction of "active phase" duration with respect to 
the life of galaxy gets smaller, there is less and less 
chance to catch the galaxy during this phase (for 
galaxies with T ourst ~ 1 Gyr, chances are already 
lower than 10 %); and more and more chances to 
find a galaxy with larger elapsed time. 

7. Conclusions 

In this paper, we presented the GALEX UV 
observations of 18 low surface brightness galaxies, 
with known HI content. The UV light relatively 
to the optical one is more extended than in normal 
star forming galaxies. Morphologies similar to ex- 
tended UV disks (XUV) are often found (about 70 
% of our objects, F568-3 (Malin 2) is a very nice 
example), although not systematically. 

Adopting standard calibrations to convert the 
UV light into star formation rates, we obtain a 
large range of SFR (a few 10 -3 to a few solar 
masses per year), depending on the HI mass of 
the galaxy. Massive LSB galaxies have lower SFR 
than normal star forming galaxies with the same 
gas reservoir (by a factor ~ 5). Such a lower ef- 
ficiency for forming stars is expected in various 
models, where e.g. LSB galaxies have larger ra- 




log(MHI) (M ) 

Fig. 8. — SFR during the star formation event 
(top), time elapsed since the last star formation 
event (middle), time necessary to build up the to- 
tal stellar mass of the galaxy (bottom) as a func- 
tion of the HI mass. The points show values de- 
rived a ssuming th e meta llicity luminosity relation- 
ship of iMcGaugbl (jl994h . The errorbars indicates 
values obtained when the metallicity is moved 
within the range Z Q /20 to Z Q , emcompassing val- 
ues found in LSB galaxies. In the bottom panel, 
squares, triangles, and pentagons correspond to 
adopting the stellar masses derived from K, R and 
r band magnitudes respectively. 
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dial extent due to larger spin parameters. How- 
ever, the SFR obtained in such a way are highly 
uncertain, due to the very red FUV-NUV color 
(especially in massive LSB galaxies) that we mea- 
sure, that might indicate a highly non-constant 
star formation history. 

Several interpretations for this color are possi- 
ble, and more work on stellar populations in LSB 
galaxies is needed to obtain a definitive answer. 
The various possibilities we considered are : 

i) A dust attenuation effect. Note, however, 
that the low infrared emission found in LSB galax- 
ies makes this explanation unlikely. 

ii) Variations in the Initial Mass Function. The 
FUV-NUV colors can be recovered in a constant 
star-formation scenario, but only for extremely 
steep (or truncated) IMF. Moreover, we find that 
the more massive galaxies (as measured with the 
HI mass) are redder, w hile the IMF proposed 
Weidner fc Kroupal (|2005l ). depending on the star 
formation rate, should have the opposite effect. 
We do not exclude the possibility that a IMF effect 
might play a role in galaxies with low HI masses 
(and thus low star formation rates), but it can- 
not be responsible for the trends seen in the more 
massive galaxies. 

iii) An age-effect. Red FUV-NUV colors can 
be obtained if the SFR was quenched. In this sce- 
nario, we find that the more massive LSB galax- 
ies have known more massive star formation event 
(larger SFRb urst , followed by relatively long qui- 
escent phases of several hundred million years). 
If these events are spread over the whole history 
of the galaxy, on average the SFR can be about 
constant over the Gyr time-scale, giving as a re- 
sult optical-near infrared colors similar to late type 
galaxies (as those observed), while the FUV-NUV 
can get relatively red during the quiescent phase, 
dominating the lifetime of the galaxy. To explain 
the fact that most massive galaxies are redder, it 
would be necessary to assume that stars in these 
galaxies are formed during bursts of larger ampli- 
tudes, separated by longer quiescent epochs. The 
more extreme example of this effect is UGC 00568 
for which the quiescent phase could have lasted 
up to 2 Gyr (also affecting the optical colors in 
this case: indeed its SED is typical of early type 
galaxies), while a huge amount of HI is present. A 
clear physical reason for this is still to be found. 
We can only speculate that massive LSB galaxies 



have large gas reservoirs, in which star formation 
is suddenly turned on only occasionally. The next 
large burst event cannot occur until the gas reser- 
voir has been built again. 

In any case, it seems quite dangerous to derive 
SFR from the UV light in low density regions (LSB 
galaxies, outer XUV disks) without taking some 
precautions, especially if red FUV-NUV colors are 
observed or if there is no independent way to date 
the star formation event. 
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Table 4 

Time elapsed since last burst and Star Formation Rates during the burst 



Name 




— Time EUapsed - 








SFR 


burst 












(Gyr) 










(Moyr- 1 ) 








Low Z 


Zm b 


hig 


h Z 


Low Z 


Zm b 


hig 


h Z 


UGC00568 


2 


453 


1.353 





487 


33 


327 


24 


947 


11 


415 


UGC01230 





583 


0.413 





108 


13 


873 


11 


166 


5 


196 


UGC02936 
























OBC97-C04-2 


1 


114 


1.057 





278 


3 


550 


3 


362 


1 


479 


F564-V3 





106 


0.108 





025 





010 





010 





005 


UGC05209 





724 


0.732 





163 





251 





245 





109 


F568-1 





674 


0.607 





148 


16 


437 


15 


530 


7 


032 


F568-3 





565 


0.449 





102 


13 


921 


11 


947 


5 


125 


UGC05750 





650 


0.583 





141 


12 


367 


11 


587 


5 


262 


PGC135754 


1 


080 


0.782 





267 


139 


026 


105 


025 


57 


804 


F568-6 
























F571-V1 





794 


0.752 





186 


8 


056 


7 


818 


3 


570 


Malinl 


1 


114 


0.597 





278 


225 


283 


142 


340 


93 


836 


PGC45080 
























F530-1 


1 


016 


0.799 





249 


174 


621 


143 


097 


73 


402 


F533-3 





847 


0.630 





209 


93 


536 


77 


953 


42 


575 


NGC7589 





785 


0.466 





182 


52 


945 


39 


502 


23 


342 


PGC71626 


1 


005 


0.716 





247 


241 


341 


187 


828 


102 


281 



Note. — Z indicates the metallicity adopted. High and Low metallicity are respectively Solar and 1/20 
Solar metallicities. Zm b is the metallicity deduced from the Metallicity-Luminosity relationship in lMcGaughl 
(Il994h . 
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Table 5 

Stellar mass and active phase duration 



— K band — — R band — — r band — 

Name log(M,(K)) - T burst - log(M»(R)) - T burst - log(M„(r)) - T burst - 

M© Gyr M Gyr M Q Gyr 

Zq/20 Zm b Zq Zq/20 Zm b Zq Zq/20 Zm b Z q 

UGC00568 11.14 5.88 7.86 17.18 10.97 3.97 5.30 11.58 

UGC01230 9.16 0.15 0.19 0.40 
UGC02936 

OBC97-C04-2 8.32 0.08 0.09 0.20 

F564-V3 7.05 1.61 1.61 3.23 6.74 0.78 0.78 1.56 

UGC05209 7.37 0.13 0.14 0.30 

F568-1 9.28 0.17 0.18 0.39 9.67 0.41 0.43 0.95 

F568-3 9.43 0.27 0.32 0.75 9.79 0.64 0.74 1.73 

UGC05750 9.39 0.29 0.30 0.67 

PGC135754 10.89 0.80 1.06 1.92 11.28 1.94 2.57 4.66 

F568-6 

F571-V1 8.93 0.15 0.16 0.34 8.96 0.16 0.17 0.37 

Malinl 10.62 0.26 0.41 0.63 11.15 0.89 1.41 2.14 

PGC45080 

F530-1 10.93 0.70 0.85 1.66 

F533-3 10.92 1.27 1.52 2.78 

NGC7589 10.61 1.10 1.47 2.49 10.99 2.65 3.55 6.01 

PGC71626 11.15 0.83 1.07 1.97 



Note. — Stellar mass derived from various photometric bands (see text), and burst duration obtained 
from it, adopting various metallicities. 



A. Individual figures (online only) 

Fig. [9] shows the GALEX FUV and NUV images, as well as the SDSS g image when available (replaced 
by the DSS-1 red image when this is not the case). The bottom-right panel shows the broad band SED (in 
AB magnitudes) constructed from UV-optical-near-infrared photometry when available, including GALEX 
UV, optical data from the SDSS and the literature, and 2MASS near- infrared (see text). 



23 



GALEX FUV 



GALEX NUV 




Fig. 9.— THIS PREPRINT ONLY INCLUDES ONE EXEMPLE FOR FIGURE SET 9. COMPLETE 
FIGURE SET WILL BE AVAILABLE ELECTRONICALLY ON THE JOURNAL SITE AND AT : 
http://www.oamp.fr/people/boissier/preprint/. Images and SED (bottom-right). GALEX and SDSS mag- 
nitudes were computed in this paper, other wavelengths are taken from NED and the literature (see text). 
The name of the galaxy is indicated in each panel. Ellipses indicate the optical diameter (2a), for the 
adopted inclination and PA (see parameters in table 1). In the bottom-right panel, circles with error-bars 
show our p hotometry of GALEX and S PSS data. Triangles co rrespond to da t a from 2MASS, squares to 
value s from iHunter fc Elmegreenl (2006), crosses to values from de Blok et al. (1995), diamonds to values 
from iMcGaugh &: Bothunl (|l994 ). Templates in the bot tom-right panel are taken from Coleman et al. 
(1980; with the extrapolation of Arnouts et al. 1999) and iKinnev et al.l (|l993j ). as distributed in Le Phare 
(http:/ /www. lam.oamp.fr/arnouts/LE_PHARE. html]) 
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